We observed the high-speed anisotropic motion of an individual gold nanoparticle in 3D at the picometer scale using a high-energy electron probe. Diffracted electron tracking (DET) using the electron back-scattered diffraction (EBSD) patterns of labeled nanoparticles under wet-SEM allowed us to super-accurately measure the time-resolved 3D motion of individual nanoparticles in aqueous conditions. The highly precise DET data corresponded to the 3D anisotropic log-normal Gaussian distributions over time at the millisecond scale.
We observed the high-speed anisotropic motion of an individual gold nanoparticle in 3D at the picometer scale using a high-energy electron probe. Diffracted electron tracking (DET) using the electron back-scattered diffraction (EBSD) patterns of labeled nanoparticles under wet-SEM allowed us to super-accurately measure the time-resolved 3D motion of individual nanoparticles in aqueous conditions. The highly precise DET data corresponded to the 3D anisotropic log-normal Gaussian distributions over time at the millisecond scale.
S
ingle-molecule observation techniques using visible-wavelength fluorescent probes are valuable for answering many basic and important questions in biology and biophysics because they provide the positional information of single molecules with accuracy far beyond the half-wavelength optical diffraction limit. They can provide the center positional information of labeled molecules with an accuracy of approximately l/ 100 1,2 . Using similar tracking techniques with X-ray (l < 0.1 nm) probes, we have previously observed the picometer-scale (l/100) Brownian motions of individual protein molecules linked to gold nanocrystals 3 . This system for single-molecule observation is called diffracted X-ray tracking (DXT) 4 . In this study, instead of using X-rays, we used electron probes to improve this technology to develop a laboratory-scale single-molecule detection system.
Wet scanning electron microscopy (wet SEM) has recently been used to probe the cytoplasm of whole cells using a thin membranous partition that protects the sample from high-vacuum conditions. This method allows images of living cells to be captured with little loss of resolution compared to standard SEM. Wet SEM can also detect the internal motion of protein molecule domains in aqueous solutions on the sub-Angstrom scale at high rates of image acquisition 5, 6 . Because gold nanoparticles are highly electron dense, they are ideal for both transmission electron microscopy (TEM) and SEM. Colloidal gold has been recognized as an excellent marker for use in cell biology and materials science studies 7 . DXT allows direct picometer-scale observation of individual biomolecules in real time and in real space [8] [9] [10] . Figure 1(a) shows the arrangement of our new dynamic single-molecule detection system. Our system uses wet SEM and time-resolved electron backscatter diffraction (EBSD) from labeled gold nanoparticles. We refer to our new imaging technique as diffracted electron tracking (DET). A cross-sectional view of the wet cell used for DET is shown in Figure 1(b) . We can measure the dynamics of both the top-layer of the adsorbed polymer reagent and the labeled gold nanoparticle. As a preliminary experiment, gold nanocrystals were directly adsorbed to the carbon surface for measurement by DET. As a result, we did not observe changes in the gold nanocrystal DET data over time. Rather, in this case we measured the movement of the coating polymer, which dictated the nanocrystal movement. Figure S1 shows an enlarged image of a sample cross-section. Because gold nanocrystals are slightly larger (diameter 5 40 nm), their movements do not represent individual single molecule movements, but rather, indicate the average movements of the nanoscale domains of the coating polymer. Because DXT uses X-rays, it requires the use of a perfect crystal. Therefore, for DXT, it is important to use gold nanocrystals instead of gold nanoparticles (colloidal gold). However, we can use commercially available gold nanoparticles for DET because the electron probe is sensitive to their surface structure. We confirmed from the electron diffraction data that the surface crystallinity of the gold nanoparticles was very good. As shown in Figure 1 (c), EBSD patterns for the gold nanoparticles can be obtained with an integration time of only 60 ms.
DET data collection is a simple process. First, we check the positions of the adsorbed gold nanoparticle using SEM, as shown Figure 2 . Next, we collect time-resolved EBSD measurements. The direction of each EBSD measurement is determined in three dimensions for each time point. The orientation displacements at each time point can be obtained by comparing differences in the EBSD from the first crystallographic orientation pattern.
Results
The 3D (or 3-axis) motions of individual adsorbed gold nanoparticles within a vacuum are shown in Figure 3 (a). The rotational motions around the b-axis were slightly smaller than the rotational motions around the a-and c-axes. In the vacuum, the rotational motion velocities around the a-and c-axes were approximately 0.05 rad/s.
The 3D motion data for aqueous solutions are shown in Figure 3(b) . The Brownian motion of the adsorbed gold nanoparticles in water was much more energetic than under vacuum. The rotational motions around each of the 3 axes were on the same order. In water, the rotational motion velocities around the a-and b-axes were approximately 0.55 rad/s.
To understand the motion under vacuum and in solution, we analyzed and characterized the random displacements of individual single gold nanoparticles. The distribution of the displacement measurements observed using a 600 ms (ten 60-ms frames) time interval is shown in Figure 4 (a). As shown in Figure 4 (b), the lognormal distributions can be characterized by the average (m) and standard deviation (s) of the symmetrical normal Gaussian probability obtained when the displacements are plotted on logarithmic scales 11 . We confirmed that the log-normal distributions were similar at different time intervals (from 2 to 20 frames).
We determined the m and s values from our distributions by fitting the statistical parameters with a Gaussian function as shown in Figure 4 (b). The minimum value of m under vacuum was assigned to the b-axis. This means that under vacuum conditions, the overall motions of the gold nanoparticles were rotational, thus defining the central axis as the LD axis ( Fig. 1(a) ).
The nanoparticle motions in aqueous solutions were 5-7 times larger than those in vacuum. We can hypothesize that this enhanced motion was due to collisions between the water molecules and the gold nanoparticles. The minimum value of m under aqueous conditions was assigned to the c-axis. This means that under aqueous conditions, the overall gold nanoparticle motions were rotational, thus defining the central axis as the ND axis ( Fig. 1(a) ). . This is the arrangement of our new dynamic single molecular detection system using the time-resolved EBSD pattern from the labeled gold nanoparticles on the coating polymer film with wet-SEM. DET can observe 3D dynamical motions of the labeled gold nanoparticles in the vacuum and aqueous solutions with the milli-second time scale. Longitudinal direction (LD), transversal direction (TD) and a normal direction (ND) are assigned to orientation representation in gold lattice from EBSD. (b) The cross-sectional view of the wet-cell for DET observations. In this case, we can observe the dynamical motions (each arrow) in coating polymer film (yellow) and labeled gold nanoparticle (white). Since the 3D dynamics of the labeled gold nanoparticle is measured from EBSD pattern from the labeled nanoparticle, we can extrapolate 3D movement of the top layer in the adsorbed polymer film. Here, the vacuum condition means that a water layer does not exist in a cell. (c) Typical EBSD pattern from gold nanoparticles (diameter size 5 40 nm) under the aqueous solution in the intergraded time of 60 ms. Since the surface crystallinity of the gold nanoparticle is very good, the EBSD can detect gold nanoparticles in short integrated time from the aqueous solution. DET becomes a strong advantage over DXT when considering the size and convenience that comes with utilizing a marketed nanoparticles probe. (4) The orientation displacements at each time point can be obtained by comparing differences in the EBSD from the crystallographic orientation pattern in front of one. In each data, it deducted from the data in front of one to make displacement. These DET displacement data is expressed as tracking data (for example Fig. 3 ), or a statistical treatment is carried out as shown in Fig. 4 , 5, and 6). Gaussian distribution using log axes can be used to characterize these log-normal distributions. These distributions are usually characterized in terms of the log-transformed displacements, using the average value, m of its distribution and the standard deviation, s. We confirmed that the log-normal distribution held true for many different time intervals.
Figure 5 | (a) and (b) 2D correlation histograms and the value of each correlation factors (red). From the three correlation coefficients for conditions
under vacuum, we can see that the b axis has a unique independent motility characteristic. In aqueous solutions, we can see that the c axis has a unique independent motility characteristic. Each inner axes means that our observed rotational movements from EBSD patterns were changed into the values of translation motions in the coating polymer surface. The unit currently used is the length (Angstrom) to one frame (Angstrom/f). It is assumed that polymer exercises in rigid body at this time. (c) 3D histogram of the observed displacement using 600 ms (5D10 frame) as the time interval. The observations of 3D orientation motions in a labeled nanoparticle are realizable with super-high sensitivity. Because we observed rotation of the b-axis around the LD axis under vacuum, the dynamical data from the observed EBSD patterns were counted as small b motions. The movement correlations between the other two axes (a and c) produce two-dimensional histograms (Fig. 5) . In Figure 5 (a), we can see from the three correlation coefficients that under vacuum conditions the b-axis is independent and has lower mobility.
The movement characteristics in aqueous solutions can be inferred from the two-dimensional histograms shown in Figure 5 (b). Although it is not clear for aqueous conditions, the three correlation coefficients imply that the independent lower mobility is present in the rotational movement around the c-axis. As shown in Figure 5 (Fig. 6(a) ). Under aqueous conditions the smallest rotational motions occur around the c axis (Fig. 6(b) ).
We also considered why the dynamical movements differed between the vacuum and aqueous conditions. Figure 1(b) shows the arrangement of the electron beam position and an adsorbed gold nanoparticle. Under vacuum, slight anisotropic movements of the gold nanoparticles were induced by the difference between the position of the primary electron beam and the center of the gold nanoparticle. These anisotropic movements are obscured by motions that occur due to collisions between water molecules and gold nanoparticles. These collisions also explain why the adsorbed gold nanoparticle motions in aqueous solutions are 5-7 times larger than those under vacuum. In addition, it is clear that the stiffness of the adsorbed polymer layer is completely different depending on whether it is under vacuum or in an aqueous solution. As a result, 3D isotropic movements of the adsorbed nanoparticles were observed in aqueous solutions.
The rotational movement observed by DET can be converted to translational motion by making certain assumptions, as shown in Figure 7 . Figure 1(b) shows the cross-sectional view of the DET sample. The rotational gold nanoparticle motions are directly reflected in the EBSD data. If the adsorbed polymer layer on the thin carbon film (i.e., the layer from the silane coupling agent) is rigid, it can transfer the local translational movements from the upper surface of the polymer film, as shown by the yellow arrow in Figure 1(b) . The transferred motion widths are shown in Figures 5(a) and 5(b) . For example, the range of motion is between 50 picometers per frame and 5 nanometers per frame. Because the detection limit of DET is approximately 1.0 mrad, we estimate that the smallest detectable movements of the polymer and gold nanoparticles were between 10 and 50 picometers.
DET could detect the anisotropic movement around the LD axis under vacuum conditions. The difference in the movement direction was confirmed from the anisotropic movement distribution in the 0.1-to 5.0-Å range, as shown in Figure 5(a) . DET allowed us to measure for the first time the delicate movement of an adsorbed nanoparticle excited by an electron probe. This movement was not from sample damage by the electron beam. The total thickness of the silane coupling agent between the adsorbed gold nanoparticle and the surface of the carbon film was approximately 100 Å , therefore, the slight displacements in the 0.1-to 5.0-Å range cannot be attributed to damage.
We were able to collect time-resolved, 3D, super-accurate (picometer scale) motion tracking data on single nanoparticles under vacuum and in solution using wet SEM and EBSD patterns. We also measured slightly excited anisotropic motions from the interactions between individual gold nanoparticles (diameter 5 40 nm) and the high-energy electron probe (30 keV). This unusual motion was so small that it was obscured by Brownian motion. Because the electron beam used for DET has a short wavelength, the 3D orientation of the labeled nanoparticles can be determined with super-high sensitivity, as shown in Figure 8 . When a gold nanoparticle is linked to a single protein molecule (as in DXT), a time-resolved, highly accurate, single-molecule detection system using an electron beam can be produced using normal laboratory-sized equipment (SEM equipment), without the need for a very strong X-ray source such as the SPring-8, ESRF, or APS beamlines.
Methods
Sample preparations for wet -SEM (DET). An environmental cell (EC) for SEM was designed to observe samples in aqueous environments. The EC was assembled from a special three-slit grid (3 mm 2 , 0.2 mm thick) and an O-ring (inner diameter 2.0 mm, thickness 0.45 mm) at the top of the EC holder. The grid was designed to be used for DET at a 70 degree angle, as shown in Figure 1(b) . The slits (0.1 3 0.3 mm) of the grid were covered with a thin carbon sealing film (15-20 nm thick) to prevent liquid or gas leakage from the EC. The surface of the carbon sealing film on the grid was coated with mercaptosilane reagent (KBM-803, Shinetsu silicone, Japan) using a vapor deposition method (Fig. 1(b) ). A solution containing 40 nm colloidal gold (Polyscience, USA) was incubated on the carbon sealing film for 1 hour before washing with distilled water. For aqueous observations, the grid was made hydrophilic through a glow discharge treatment (HDT-400, JEOL, Japan). A 200-nl volume of degassed distilled water was then placed on the carbon sealing film supporting the colloidal gold. Excess water was removed by wicking with filter paper. Finally, approximately 50 to 100 nanoliters (nl) of degassed water was enclosed in the EC.
Measurement conditions for DET. For SEM studies, we used a JSM-7001F system (JEOL, Japan) equipped with a Schottky-type field emission electron gun. To detect the EBSP signal, we used a 30 keV accelerating voltage, an 87 pA beam current, and 17 mm working distance at a 70-degree angle relative to the EC sample stage. The EBSD detector on the JSM-7001F system was custom designed by TSL Solutions (DVC1412-FW-T1-EX, TSL, Japan). The detector included an image intensifier (V8070U-74, Hamamatsu Photonics, Japan), as shown in Figure  S2 , providing ten times higher intensity than a normal detector. We could not obtain clear EBSD data without the image intensifier. Figure 2 shows tracking of the labeled gold nanoparticles on polymer substrates under vacuum and in solution. To measure the crystal orientation of the gold nanoparticles, EBSD patterns were obtained from 1.5 sec of electron beam irradiation at a fixed observation point. The EBSD pattern was obtained on the phosphor screen of the detector, intensified, and recorded with a CCD camera using a 60 ms shutter speed. The Euler angles were obtained from the EBSD patterns using OIM-data collection software (EDAX, USA). The Euler angles indicate the rotational relationship between the sample stage coordinate system and the crystal lattice coordinate system of the colloidal gold. The a, b, and c rotational angles of the nanoparticle principal lattice vectors were calculated between adjacent frames from the Euler angles, as shown in Figure 1 
